• Actinomycetes strains are rich sources of diverse bioactive compounds
cine. However, over time it has been observed that bacteria are microorganisms that "learn" and are able to change, which led to the appearance of bacterial resistance to antimicrobial compounds. In addition to the ability of the bacteria to adapt to environmental conditions, inadequate and frequent usage of antibiotics is responsible for the development of resistance [1, 2] . According to a study conducted by the European Antimicrobial Resistance Surveillance Network (EARS-Net) [3] , the antimicrobial resistance situation in Europe displays wide variations depending on the bacterial species, used antibiotics and geogra-phical region. For several species-antibiotics combinations, a north-to-south and west-to-east gradient is evident in Europe. In general, lower resistance percentages are reported by countries in the north, and higher percentages by countries in the south and east of Europe. Countries with a lower rate of resistance generally have a less frequent antibiotics usage, while the countries with a high rate of resistance often use antibiotics.
Taking into account the aforementioned facts, the latest research in the world, as well as in the Republic of Serbia, are focused on the development of new antibiotics to which bacteria are not resistant.
Pharmaceutical biotechnology usually uses Streptomyces strains as sources of bioactive substances in the production of drugs, but the procedures for their preparation are protected by the producers' patents, and applied strains are not available to the public. For this reason, the scientific community makes huge efforts to isolate new strains of microorganisms whose metabolites have prominent antimicrobial activity against pathogenic bacteria [4, 5] .
The filamentous bacteria of the genus Streptomyces produce chemically very different substances, which act as bactericides, fungicides, insecticides, herbicides, antivirals, antitumor and cytostatic agents, modulators of immune response, or inhibitors of numerous cellular processes [6, 7] . The type and amount of the biosynthesized compounds depends in great measure on the cultivation medium composition. It is known that identified and widely applied Streptomyces strains use various nutrients for growth, maintenance of energy activity, and biosynthesis of primary and secondary metabolites. In addition, it is established that the metabolic activity of the producing culture also depends on the concentration of nutrients in the medium. Hence, actinomycetes cell metabolism under conditions of nutritional excess is directed towards the generation of biomass rather than the production of secondary metabolites like antibiotics, and when depletion of key nutrients occurs, it shifts the cell cycle to the stationary phase and signals the transition from primary to secondary metabolism in which these bioactive metabolites are produced. Considering that metabolic activity of wild strains is not fully clarified, it is necessary to determine the effect of different nutrients and their amounts on the bioprocess efficacy performed with each new producing microorganism. Therefore, the proper selection of carbon, nitrogen, phosphates and mineral salts sources, as well as accurate definition of their concentrations, is very important in order to increase the yield of the desired antimicrobial compounds [8] [9] [10] [11] [12] .
The literature data indicated that antibiotics yield is not only dependent on the nature of the producing strain and medium composition but also on the process parameters, such as pH value, temperature, aeration intensity and agitation speed. Changes in their values affect many cellular processes such as regulation and biosynthesis of secondary metabolites, which may lead to discovering new natural products [13] [14] [15] [16] . Besides the mentioned parameters, incubation time is also an essential factor that significantly affects the amounts of antimicrobial metabolites produced. Generally, antibiotic production usually starts in the late exponential phase while the maximum antibiotic concentration in the cultivation medium is recorded in the stationary phase [17] .
Taking into account the aforementioned facts, it is clear that the selection of medium components and definition of their optimum levels are first steps in development of antibiotics production by a new producing strain. Formulation of ideal culture conditions and economical production medium requires a series of trials, which are usually carried out by using nonstatistical and statistical methods.
The classic approach to experimental work includes determination of the impact of individual factors on the examined process. However, process optimization by the traditional "one-factor-at-a-time" technique requires great effort and time, and it does not include description of interaction factors, and therefore does not show the overall impact of factors on the process. These insufficiencies can be eliminated by statistical design of experiments [18] .
In recent years, response surface methodology (RSM) has become one of the most popular techniques for creating the experimental design, mathematical modeling of experimental results, describing the individual and interaction effects of examined factors, making this statistical approach suitable for solving optimization problems. Since the microbiological production of antibacterial components is affected by many factors, it is usually very difficult to determine which of them has the greatest impact. Therefore, RSM is increasingly used for mathematical modeling and optimization of the biotechnological production of these compounds [14, [19] [20] [21] [22] [23] . This research represents a major challenge for scientists because the biotechnological processes are difficult to describe by mathematical equations due to the complex metabolism of producing a microorganism, the usage of raw materials of undefined composition, and the changes that occur during the bioprocess being performed at selected technical and technological parameters. In addition, it should be noted that developed optimization models are valid only for the applied producing strain.
The aim of this study was the optimization of nutrients relations, in terms of carbon source (glucose, fructose, lactose, sucrose, starch and glycerol), soybean meal, and phosphate content, for the production of agents with antibacterial activity against Staphylococcus aureus and Escherichia coli. The biosynthesis of these compounds was performed using the strain Streptomyces sp. isolated from the soil.
EXPERIMENTAL

Microorganisms
The wild type strain Streptomyces sp., isolated from a soil sample taken from the territory of Novi Sad, Serbia, was used for biosynthesis of bactericide.
The strains Staphylococcus aureus ATCC 11632 and Escherichia coli ATCC 10536 were used as test microorganisms for determination of antibacterial activity. All the used strains were stored at 4 °C on agar slant and subcultured every four weeks.
Cultivation media
The medium for producing microorganism storage contained 15 Biosynthesis of antibacterial compounds was performed on the media prepared in accordance with Box-Behnken design with three factors on three levels and three repetitions in the central point [24] . In these media, contents of carbon source (10.0-50.0 g/L), soybean meal (5.0-25.0 g/L) and phosphates (0.5-2.5 g/L) were varied. Fructose, lactose, sucrose, starch and glycerol were used as carbon sources, while phosphates were added in the form of (NH 4 ) 2 HPO 4 and K 2 HPO 4 at a 2:1 ratio. The production media also contained 3.0 g/L NaCl, 0.5 g/L MgSO 4 and 3.0 g/L CaCO 3 . The pH value of all media was adjusted to 7.0±0.2 and then sterilized by autoclaving at 121 °C and pressure of 2.1 bar for 20 min.
All the ingredients used for the preparation of the media were p.a. purity, except soybean meal, which was purchased in the local market. Declared characteristics of this component were minimum 52.0% proteins, 8.0% water, 2.0% fats, 3.5% cellulose and 6.5% ashes. Nitrogen content in soybean meal (75.5 mg/g) was experimentally determined by the Kjeldahl method [25] .
The medium used for storage and incubation of test microorganisms was Mueller-Hinton agar (Torlak ® , Serbia).
Inoculum preparation
The inoculum was prepared on the aforementioned media in two steps. First, the producing culture was refreshed by stationary incubation at 27 °C for 48 h. The second step involved the procedure of cell duplication by double passaging. A loop of producing microorganism cells was transferred from a freshly prepared slant into the liquid medium. The second passage was inoculated with 10 vol.% of broth obtained in the first. The incubation of each passage was carried out in aerobic conditions at 27 °C and 150 rpm (laboratory shaker KS 4000i control, Ika ® Werke, Germany) for 48 h. The new inoculum was prepared for each series of experiments conducted with media based on different carbon sources.
Biosynthesis conditions
Bactericide production was carried out in 300 ml Erlenmeyer flasks with a flask volume to medium volume ratio of 3:1. The inoculation was performed by adding 10 vol.% of inoculum prepared as previously described. The biosynthesis of antibacterial compounds was carried out in aerobic conditions at 27 °C and 150 rpm (laboratory shaker KS 4000i control, Ika ® Werke, Germany) for 168 h.
Determination of antibacterial activity
At the end of the biosynthesis, samples of cultivation broth were centrifuged at 10000 rpm (Rotina 380 R, Hettich Lab Technology, Germany) for 15 min. The obtained supernatants were concentrated by evaporation in a rotary vacuum evaporator (Ika ® Werke, Germany) to one tenth of the initial mass, filtered throughout a 0.22 μm nylon membrane filter (Agilent Technologies Inc., Germany) and then tested for their antimicrobial activity against selected test microorganisms by diffusion-disc method [26] .
Statistical analysis, mathematical modeling and optimization
Results of assays carried out in accordance with chosen experimental design were fitted to a second--degree polynomial model in order to define mathematical equations. These relations describe the influ- . The mathematical models used for optimization of nutrients relations in the glucose-containing medium were taken from previous work of the authors [20] .
RESULTS AND DISCUSSION
Experimental results
In order to investigate the influence of various carbon, nitrogen, and phosphorus sources on the bactericide biosynthesis using wild strain Streptomyces sp., the cultivations were carried out under identical conditions on media that were formulated in accordance with the Box-Behnken experimental design (varied factors, Table 1 ). The results presented in this study represent the continuation of research conducted with glucose-containing media [20] . Based on data collected from the available literature [28] [29] [30] , easily adopted monosaccharide (fructose), fermentable disaccharides (lactose and sucrose), difficult to adopt polysaccharide (starch) and hydrocarbon (glycerol) were selected as carbon sources for further investigation. Soybean meal is primarily used as source of organic (amino) nitrogen, but also as microelements and growth factors, as recommended by other authors [31, 32] . The applied phosphorus sources are at the same time sources of inorganic (ammonia) nitrogen and potassium, and represent the most commonly used phosphate salts in cultivation media for antibiotics production [33] . The limit values of factors X 1 , X 2 and X 3 , i.e., carbon source content (10.0-50.0 g/L), soybean meal content (5.0-25.0 g/L) and phosphates content (0.5-2.5 g/L) were selected based on published results of previous research [11, 34] . Gram-negative microorganisms were shown in other studies [14, 35] .
The results presented in Table 1 show the effect of all tested samples on Staphylococcus aureus growth, i.e., the antibacterial activity of cultivation broths with different carbon sources, and all combinations of nutrients obtained in applied experimental conditions are evident. Taking into account the preparation of samples for the diffusion-disc method (experimental section), the observed antimicrobial activity is undoubtedly the result of the action of extracellular metabolites produced by the applied producing strain.
The observed antimicrobial activity of the medium with fructose was significantly higher than the value of the same parameter for the medium with glucose obtained under the same experimental conditions [20] . Hence, when the cultivation medium contained 10 g/L monosaccharide, 5 g/L soybean meal and 1.5 g/L phosphates, the measured inhibition zone diameter for fructose-and glucose-containing media were 31 and 22 mm [20] , respectively. Other authors also investigated the effects of these sugars on antibiotics production by wild type Streptomyces strains.
Their results are consistent with the results of this study and indicate that glucose is a suitable carbon source for biomass growth but not for antibiotics biosynthesis. A possible explanation for this situation is that glucose causes catabolite repression, in which production of enzymes responsible for secondary metabolite biosynthesis is inhibited [17, 35, 36] . Therefore, it can be concluded that fructose is the most suitable simple sugar for the preparation of the antibiotics production medium.
When disaccharides are used as carbon sources, the obtained results indicate that the maximal bactericidal activity of the cultivation broths against Staphylococcus aureus is greater with lactose (33.0 mm) compared to sucrose (14.0 mm, Table 1 ). Considering that the quantities of ingredients in the cultivation media which formed the highest inhibition zone diameter are different (lactose, soybean meal, phosphates: 50.0, 5.0 and 1.5 g/L; sucrose, soybean meal, phosphates: 30.0, 5.0 and 0.5 g/L), it is necessary to carry out a more detailed analysis of the results in order to justify the use of lactose instead of sucrose in applied experimental conditions. In addition, the results of the research conducted by Oskay [37] should also be considered. He proved that the maximal antibiotics production by streptomycetes isolated from soil is obtained when sucrose was used as the sole carbon source in combination with peptone as the nitrogen source.
And finally, when low fermentable carbon sources were applied, the antibacterial activity of the cultivation medium containing starch is somewhat greater than the one with glycerol. The maximal inhibition zone diameter with the starch-containing medium Table 1 ). The obtained results are in agreement with other authors who claimed that glycerol and sucrose are important medium components in biotechnological production of antibacterial agents because the secondary metabolites biosynthesis in actinomycetes is often stimulated by addition of slowly assimilated carbon sources in the cultivation media, and decreased when more rapidly utilized monosaccharides, such as glucose, are present [12, 31] .
Statistical analysis and mathematical modeling
The results of the experiments performed in accordance with Box-Behnken design (Table 1) are fitted with second-order polynomial model (Eq. (1)). The results of statistical analysis and mathematical modeling for selected responses are shown in Tables  2 and 3 .
Defined mathematical models and p-values, which were used for estimation of the statistical significance of each coefficient in the regression equations, are given in Table 2 . Regression equation coefficients are statistically significant at a 95% confidence level if their p-values are less than 0.05. In the model for fructose-containing media, the linear coefficient for nitrogen content and the interaction of sugar and nitrogen appear as important regression coef- ficients. The inhibition zone diameter, which forms the medium with lactose, is significantly dependent on the quadratic coefficient for nitrogen content, as well as the ratio of the concentration of nitrogen and phosphorus sources. From the presented results it is evident that there are no significant factors in the model for the medium with sucrose except an intercept. The values of response from the model for the starch--containing medium are statistically influenced by the linear coefficients for nitrogen and phosphorus content and interaction of carbon and phosphorus sources. In the model for the medium with glycerol, the linear and quadratic coefficients for phosphorus content are proved to be statistically significant. The summary ANOVA results for modeled responses are shown in Table 3 . The coefficients of determination (R 2 ) are used to check the adequacy of the defined mathematical models. The high values of this parameter, presented in Table 3 , indicate the very good fit of experimental results with the second-order polynomial model. Designed models do not cover only 6.2, 6.9, 6.3, 1.6 and 7.5% of variations in the results of experiments performed with media containing fructose, lactose, sucrose, starch and glycerol, respectively. Additionally, comparisons between experimental and predicted values of the selected responses are graphically shown in Figures 1-3 .
The significance of developed models at a 95% confidence level was evaluated based on F-values. Table 3) .
Optimization of medium composition
The final objective of this research was optimization of the investigated bioprocess in terms of the selection of ingredients for medium preparation and definition of the ratio of their concentration that guarantees the desired antibacterial activity of the medium obtained by cultivation of the chosen producing strain in applied experimental conditions. For this purpose, statistical approaches were used. Hence, the optimization of carbon source, soybean meal and phosphates content in media for the biosynthesis of bactericide effective against Staphylococcus aureus ATCC 11632 was carried out using response surface methodology and method of desirability function. To optimize the composition of the glucose-containing medium, a previously published mathematical model was used [20] .
Since the basic goal of biotechnological production is to obtain a large quantity of a desired metabolite on the cheapest medium, the formation of maximal inhibition zone diameter against a selected test microorganism and minimal consumption of the components for medium preparation were set as individual desirability functions. The results of optimization with these limitations are given in the Table 4 . The overall desirability function represents the geometric mean of the individual desirability functions and, as can be seen from the mentioned table, ranges from 0.82 to 0.99, which are very high values and indicate the adequacy of the optimization models.
The results from Table 4 show that optimal concentrations of medium ingredients are approximately 10.0 g/L carbon source, regardless of the applied raw material, 5.0 g/L soybean meal (total nitrogen 75.5 mg/g) and about 0.5 g/L phosphates ((NH 4 ) 2 HPO 4 :K 2 HPO 4 = 2:1), except in lactose-containing medium where optimal phosphorus source content is 0.9 g/L. It is evident that a low level of all varied nutrients is more favorable for the production of antibacterial substances in applied experimental conditions. The literature data indicate that carbon-tonitrogen ratio for maximal antibiotics production is variable and mainly depends on the used producing microorganism [12, 33, 37] . With regard to the phosphates, it is possible that high concentration of used phosphorus sources suppressed the growth of the producing strain and favored their entrance in the stationary phase where the biosynthesis of secondary metabolites occurred [32] .
Developed optimization models predict that performing cultivation of Streptomyces sp. on media with the same nutrient ratio and under the identical experimental conditions results in different efficacy of bactericide biosynthesis which depends on the used carbon source (Table 4) . So, the fructose-containing medium has the highest antimicrobial activity against the used test microorganism (35.5 mm). On the other hand, the cultivation broths with glucose (22.7 mm), lactose (20.5 mm), starch (22.7 mm) and glycerol (24.9 mm) show lower, but uniform antibacterial activity, while the sucrose-containing medium forms the smallest inhibition zone diameter (11.6 mm) against the tested bacterial pathogen. Considering that fructose and glycerol are the most favorable carbon sources for antibiotics production by the applied Streptomyces isolate, the bioprocess efficacy with media based on waste effluents which contain these substrates should be examined in future research. In this context, waste glycerol, a main byproduct in the biodiesel industry, is a very interesting raw material that is increasingly available on the market due to the high demand for biofuels. It can be employed in industrial microbiology for the production of various metabolites, including antimicrobial substances [30, 38] .
The optimization results are graphically presented in Figures 4-6 . In these figures, contour diagrams can be seen which show dependence of the inhibition zone diameter on the carbon source and soybean meal content at constant optimal phosphates concentration, given in Table 4 .
The results presented in In order to verify the validity of the obtained optimization models, three sets of experiments were performed under the same experimental conditions and with the optimal content of nutrients (Table 4 ). The obtained results are shown in Table 5 and indicate a very good match between predicted and experimentally obtained values. This is confirmed by high values of degree of overlap (93.8-97.8%). The defined mathematical models that adequately describe the examined bioprocess contribute to a better understanding of the impact of individual nutrients and their interactions on bactericide biosynthesis by wild type Streptomyces strain at applied experimental conditions. In addition, the developed optimization models on a laboratory scale provide valuable information about formulation of production medium that can be used for bioprocess scale-up, which leads to its potential industrialization.
CONCLUSION
The results obtained in this study indicate that the strain Streptomyces sp., isolated from the soil, has a great potential for the biosynthesis of bactericide effective against Staphylococcus aureus. Response surface methodology, based on Box-Behnken design, and desirability function approach proved to be appropriate tools for the optimization of the carbon source, soybean meal, and phosphates content in the medium for the production of antimicrobial compounds effective against the selected bacterium. Regardless of the used carbon source (glucose, fructose, lactose, sucrose, starch, and glycerol), its optimal concentration in the medium is about 10.0 g/L, while the optimal contents of soybean meal and phosphates are 5.0 and 0.5 g/L, respectively, except in the lactose-containing medium where optimal phosphates concentration is 0.9 g/L. Performing the bioprocess under optimal conditions, the maximal inhibition zone diameter was formed by using a fructose-containing medium (34.5 mm), while antibacterial activity of media with glucose (21.7 mm), lactose (20.0 mm), sucrose (10.8 mm), starch (21.7 mm) and glycerol (24.3 mm) was less pronounced. In further research, the techno-economic analysis of the obtained results has to be done to select optimal medium composition for industrial production of antibacterial compounds. Cilj ovog rada je formulacija medijuma za proizvodnju baktericida efikasnih protiv Staphylococcus aureus i Escherichia coli primenom soja Streptomyces sp. izolovanog iz zemljišta. Biosinteza antibakterisjkih komponenti izvedena je na medijumima pripremljenim u skladu sa Box-Behnken dizajnom sa tri faktora na tri nivoa i tri ponavljanja u centralnoj tački gde su varirani sadržaji izvora ugljenika (10,0-50,0 g/l), sojinog brašna (5,0-25,0 g/l) i fosfata (0,5-2,5 g/l). Kao izvori ugljenika korišćeni su fruktoza, laktoza, saharoza, skrob i glicerol. S obzirom da su kultivacione tečnosti pokazale aktivnost samo prema Staphylococcus aureus, vrednosti prečnika zone inhibicije za ovaj mikroorganizam su obrađene statistički primenom postupka odzivne površine i koncepta že-ljene funkcije kako bi se optimizovao odnos variranih nutrijenata. Medijum sa glukozom nije korišćen u ovim eksperimentima, ali je matematički model definisan u prethodnim istraživanjima primenjen za optimizaciju. Razvijeni model predviđa da su optimalne koncentracije izvora ugljenika, sojinog brašna i fosfata oko 10,0, 5,0 i 0,5 g/l, redom, osim u medijumu sa laktozom gde je najpogodnija koncentracija fosfata 0,91 g/l. Izvođenjem bioprocesa na medijumima optimalnog sastava maksimalan prečnik zone inhibicije prema Staphylococcus aureus formirala je podloga sa fruktozom (34,5 mm).
Ključne reči: Streptomyces sp., proizvodnja baktericida, formulacija medijuma, postupak odzivne površine, koncept željene funkcije.
